branes (23), interference with stomatal regulation of transpiration (31), and reduction of flow through the stem by either vascular plugging (4) or an increase in the viscosity of the xylem sap (5).
the seedlings was reduced by 79% and the leaf water potential was reduced by 3 bars to that at which the seedlings wilted, the stomata closed, and transpiration decreased. Decrease in stem conductance as the mode of action of the toxin was further confirmed by forcing toxin through the stem and petiole of elm and measuring the effects on stem conductance.
High molecular weight dextrans were found to mimic the action of toxin on stem and petiole conductance, and their ability to do so was found to be correlated with their molecular weight. As low as 4 micrograms of toxin or dextrans were found to measurably decrease the stem and petiole conductance of elms. Disruption of the water-conducting system of elms and other plants by small quantities of high molecular weight compounds may be a factor in diseases with wilting symptoms.
Dutch elm disease, a destructive disease of certain species of elms, is caused by the fungus Ceratocystis ullmi. This fungus grows in the vascular system of susceptible elms, spreading rapidly throughout the tree by movement in the transpiration stream. Externally the disease manifests itself by wilting of the leaves and ultimately death of the branches (7) .
A toxin which reproduced the symptoms of Dutch elm disease in American elm seedlings was first reported to be present in culture filtrates of C. ulmi by Zentmyer (33) . Salemink et al. (18) obtained a crude toxin by partial purification of culture filtrates of the fungus. They reported that 95% of the crude toxin was a glycopeptide and the remaining 5% was a carbohydrate. Rebel (15) later reported that the glycopeptide component was heterogenous. Recently there has been a report of a different toxin isolated from culture filtrates of C. ulmi (16, 25) . This branes (23) , interference with stomatal regulation of transpiration (31) , and reduction of flow through the stem by either vascular plugging (4) or an increase in the viscosity of the xylem sap (5) .
The purpose of this investigation was to study the effect of the glycopeptide toxin, isolated from C. ullni cultures, on the water balance and stem conductance of elm seedlings in order to elucidate the possible mode of action of the toxin in elm. We also tested whether dextrans similar in molecular weights to the toxin can mimic its action.
MATERIALS AND METHODS
Ceratocystis ulmi (Buisman) C. Moreau, freshly isolated from infected Ulmus americana L. trees, was used in all experiments. Cultures were grown in liter amounts of medium (18) in Fernbach flasks at 23 C on a rotary shaker at 110 rpm. Cultures, harvested after 2 to 4 weeks, were filtered through Whatman No. 42 paper, then through a 0.45-,um Millipore filter and concentrated approximately 20-fold under vacuum at 40 C. One volume 95% (v/v) ethanol was added and the precipitate was discarded. The ethanol was then removed and the filtrate was concentrated another 2-fold using vacuum evaporation at 40 C. The concentrated filtrate was dialyzed against distilled water at 4 C for 24 hr with 2 changes of H20. To prevent microbial growth, 0.5% (v/v) chloroform was added to the H,O. The dialysate was discarded and 5 volumes of 95% (v/v) ethanol were added to the dialyzed solution. It was then placed in a freezer for at least 24 hr. The precipitate, i.e., the crude toxin, was collected by centrifugation at 10,000g for 10 min. The yield of crude toxin was approximately 100 mg liter-'. These methods were similar to those of Salemink et al. (18) and Rebel (15) .
The crude toxin dissolved readily in H20 (32) . Since stomatal resistance is markedly affected by irradiance (29) , the leaves were selected so that they were equally irradiated. Stomatal conductance is the reciprocal of stomatal resistance.
The water potential of the cuttings was determined using a pressure chamber (30) , a modification of that used by Scholander et al. (20) . The pressure chamber readings were not calibrated against a thermocouple psychrometer but were assumed to approximate the leaf water potential, as in several other species (30) .
The conductance of the stem to the flow of liquid water was also determined using the pressure chamber. A 20-cm segment of the lower stem was cleanly cut with a sharp blade, the leaves were removed, and the segment was sealed into the pressure chamber with one end dipping into a cylinder of filtered, degassed test solution inside the chamber. A small diameter tube was firmly attached to the other end of the stem, external to the pressure chamber, the pressure in the chamber was quickly raised to either 10 or 13.6 bars, and the rate at which the solution passed through the stem segment and collected in a 5-ml graduated cylinder was recorded.
When the conductance of both a stem and an attached petiole was determined, the stems were cut approximately 30 cm from the top of the plant and the cut end placed in water inside the pressure chamber. The first fully expanded leaf from the top of the plant, external to the chamber, was severed, leaving 1.5 cm of petiole. The cut petiole was attached to a horizontal 0.1-ml pipet by a short tube and the time required for each of the first 0.08 ml of water to flow from the petiole was recorded with a pressure differential between the ends of 2 bars. The water inside the pressure chamber was then replaced by the solutions of toxin, dextrans, or H20, and the time required for each of the first 0.08 ml of solution to again flow from the stem and petiole was recorded with the same pressure differential.
RESULTS Chromatography on Sepharose 4B shows that the toxin has a molecular size between that of the dextran with a molecular weight of 0.5 x 106 and that with a molecular weight of 2 x 106 (Fig. 1) . The toxin has approximately 5% (w/w) peptide as determined by the Lowry method (10). Based upon the elution profile and peptide content, we conclude that our toxin is similar to that of Rebel (15) . No measurable differences in viscosity or osmotic potential between the toxin, water, and dextrans were observed in the concentrations used, and boiling did not inactivate the toxin.
The weight of elm callus tissues increased 3-to 4-fold during the 20 days of incubation on either the toxin-or watertreatment medium. No significant differences in growth were observed between the two media. Callus cells, flooded with 500 jug ml-' of toxin for 1 hr, had no microscopically (420 x) visible damage when observed up to 5 hr after flooding, and elm leaf discs, vacuum infiltrated with 500 ,ug ml-' toxin, showed no visible necrosis or Chl breakdown when observed for 14 days after treatment. Moreover, the rate of electrolyte loss was the same in water-and 200 ,ug ml-' toxin-treated leaf discs. An initial conductance of 1.5 + 0.1 umhos was recorded for both treatments and after 2 hr the readings were 3.5 + 0.2 and 3.2 + 0.1 imhos for the water-and toxintreated leaf discs, respectively.
The transpiration rate of elm cuttings in water and various concentrations of crude toxin was markedly affected within 3 hr at 800 ,ug ml, but at lower concentrations of toxin it took longer before the rate of transpiration was reduced. For example, after 3 hr in 800 ,ug ml-' of toxin, the cumulative transpiration was only 8% of the water controls, whereas after a similar period in 200 and 400 ,tg ml-' of toxin, the cumulative transpiration was still 78% of the controls. However, after 12 hr the cumulative transpiration was 51, 45, and 28% of the water controls at toxin concentrations of 200, 400, and 800 [ug ml-', respectively. When elm cuttings were placed in either 200 ,ug mV' of purified toxin or in water, and measurements were made every hour for 6 hr, the rate of transpiration of the plants in the toxin decreased within the first 2 hr and continued to decrease with time, whereas the transpiration of those in water remained constant or increased slightly (Fig. 2a) . Table I shows further comparisons between the toxin-and water-treated cuttings after 4 hr. When the cumulative transpiration of cuttings in the toxin was reduced 55% compared with controls, the stem conductance of these cuttings to water was reduced by 79% and the xylem pressure potential was 3 bars lower than the cuttings in water.
The results from several experiments indicated that the abaxial diffusive resistance of leaves of control cuttings changed little from -6 to -11 bars and then increased markedly at leaf water potentials lower than -12 bars in equally irradiated leaves (Fig. 3b) . This response to leaf water potential is similar to that observed in other species (27, 29) and suggests that stomata of cuttings in toxin react similarly to stomata of cuttings in water. Also, the potential at which the stomata closed in both cases was that at which visually assessed leaf wilting was observed (Fig. 3a) . The (Fig. 4) . Secondly, the conductance of the stem and petiole decreased 28% after transfer to 400 ,ug m[-toxin compared to a decrease of 11% when transferred to water (Table II) ; the major decrease in conductance occurred as the first 0.01 ml of toxin entered the stem. The conductance of stem and petiole was only 0.16 + 0.01 X 10-' cm' sec-' bar-', i.e., one-tenth of that of the stem alone (Fig. 4) .
Using dextrans in place of the water or toxin demonstrated that the reduction in stem conductance by the toxin could be mimicked by some dextrans: the greater the molecular weight, the greater the decrease in conductance (Table II) . DISCUSSION The observed effects of the toxin on the water balance of the elm seedlings can best be explained as resulting from disruption by the toxin of some element of the water-conducting system of the plant. No evidence that the toxin altered the viscosity of the xylem sap or the growth and integrity of elm cells was found. The observation that the stomata of cuttings in the toxin closed at a similar leaf water potential to those of cuttings in the controls (Fig. 3) tial of the leaves were not affected by the toxin. On the other hand, conductance of the stem and petiole in elm was clearly a function of the amount of glycopeptide entering the xylem stream (Fig. 4) such that after 4 hr in the toxin, the stem conductance was reduced by 79% under the evaporative conditions of the particular experiment (Table I) . Although a decrease in stem conductance may not necessarily result in a similar decrease in leaf water potential, particularly if the stem conductance is large compared with the conductances elsewhere in the transpiration stream as was the case in this study, it is clear that the decrease in the conductance of the xylem stream induced by the glycopeptides resulted in a lowering of the leaf potential by 3 bars (Table I) to the potential at which the plant wilted (Fig. 3) , the stomata closed (Fig. 3) , and transpiration decreased (Fig. 2) .
Although it is clear from this study that considerable disruption of the xylem stream occurred in the stem itself, disruption of other parts of the xylem stream may also have occurred. Since even smaller quantities of toxin were required to decrease the conductance of the stem and petiole (Table II) compared with the stem alone (Fig. 4) , some disruption of the transpiration stream in the petiole also occurred, and we cannot rule out the possibility that the leaf xylem may also have been disrupted. However, Lawlor (9) concluded that polyethylene glycol with a molecular weight of 20,000 caused vascular disruption mainly in the stem and it was only low molecular weight polyethylene glycols that interfered with water movement in the leaves. Thus we conclude that the major interference with water movement occurred in the stem and petiole. While no data have been presented on how the toxin disrupts the flow of the transpiration streams, we can speculate that the decrease in stem and petiole conductance is the result of plugging the pores of the pit membranes between vessels, and possible cavitation. A scanning electron microscope study of the xylem elements of the elm seedlings (Turner and Van Alfen, unpublished) revealed the presence of many bordered pits between xylem vessels and only perforated septa within the vessels. Since the length of the vessels on both elm seedlings and 1-year-old stems on mature elm trees do not exceed 15 cm (Fig. 4) and each milliliter of solution contained 400 ,tg of the toxin, clearly only 200 ,ug of toxin are required to measurably decrease flow through the stem. A measurable decrease in conductance of the stem and petiole occurred when only 0.01 ml, i.e., 4 jig of toxin, had entered the xylem. The use of 0.25% (v/v) eosin dye revealed that the volume of the conducting xylem in a 200-mm section of stem was 0.015 ml, and 0.005 ml between the cut stem and petiole. Clearly. 16 changes of stem volume had occurred as 0.08 ml were collected from the cut petiole and the conductance was decreased 28% by the toxin (Table II) cause disruption of the vascular xylem particularly if cavitation is induced.
There is evidence that wilting in diseased elms in the field is the result of interference with water conduction in the tree (11) . Since our results suggest that compounds of high molecular weight can act as toxins by interfering with the flow of water through the vascular system of the elm, we would predict that if the pathogen is capable of producing even small amounts of such molecules in the tree, they would contribute to the observed wilting symptom. The production of high molecular weight compounds by pathogens causing wilt diseases in other species is quite common (6, 12, 17, 22, 26) . In some cases the virulence of the pathogen has been associated with the production of these compounds (1, 5, 24) . The influence of these high molecular weight compounds on the disruption of the transpiration stream in other species clearly warrants further investigation.
